INTRODUCTION
============

The maternal effect gene, *dorsal* (*dl*), encodes a Rel-homology domain (RHD) transcription factor, which is related to mammalian NFκB [@B001]. Like NFκB, Dl is also regulated at the level of nuclear transport, leading to the formation of a Dl nuclear gradient, with peak levels of protein present in ventral regions and progressively lower levels in lateral and dorsal regions in early *Drosophila* embryos [@B002]. The nuclear gradient of Dl activates sequential expression of patterning genes along the dorsal-ventral (DV) axis of the embryo, thereby establishing three different germ layers, the presumptive mesoderm, the neurogenic ectoderm, and the dorsal ectoderm [@B003].

In contrast to its role as an activator, Dl is also able to act as a repressor that restricts the expression of *decapentaplegic* (*dpp*) and *zerknüllt* (*zen*) to dorsal regions, where they are responsible for the differentiation of the dorsal epidermis and the amnioserosa, respectively [@B004], [@B005]. The *cis*-regulatory elements responsible for Dl-mediated repression have been studied in detail at the *zen* locus. Dl represses the ventral expression of *zen* through a distal regulatory region, called the ventral repression element (VRE), which is located about 1.2 kb upstream from the *zen* transcription start site ([Fig. 1](#F0001){ref-type="fig"}A) [@B006]. Several lines of evidence suggest that repression by Dl requires additional factors, or "corepressors." First, Dl binding sites found in the *zen* VRE and the *twi* enhancer are functionally interchangeable [@B006]. Namely, a Dl site in *zen* VRE mediates activation when it is multimerized and located upstream of a heterologous promoter. Conversely, when a Dl site from a *twi* enhancer is placed within the *zen* VRE, it mediates transcriptional repression. These findings indicate that the sequence of the Dl binding site alone does not seem to determine whether Dl functions as an activator or a repressor. Second, in addition to these three critical Dl sites, the *zen* VRE contains five AT-rich sites for an unknown factor, three of which lie adjacent to the Dl sites ([Fig. 1](#F0001){ref-type="fig"}B) [@B007]. The repression activity of the VRE requires strict spacing between at least one of the AT-rich sites (AT2) and the linked Dl site [@B008], suggesting that there are cooperative DNA-binding interactions between the proteins binding the two sites. Third, mutations in the AT-rich sites adjacent to the Dl sites in the VRE lead to derepression of *zen* expression in the lateral regions [@B007]. Taken altogether, it is conceivable that Dl inherently acts as a transcriptional activator and, in order to function as a repressor, it must interact with corepressors bound to neighboring sites. Although there have been efforts to identify the corepressors in the context of the *Drosophila* embryo, the proteins that function as the Dl binding partner remain unknown.

![The AT-rich sequences in the *zen* VRE may be a subset of the Cic DNA-binding consensus sequence. (A) A ∼7-kb genomic region encompassing the *zerknüllt* (*zen*) locus: The ventral repression element (VRE) is located between -1.6 and -1 kb upstream of the transcription start site of zen. The 5\' end of the VRE abuts the 3\' end of the last exon of *bicoid* (*bcd*). (B) The ∼600 bp VRE contains three Dorsal (Dl, green triangle), five unknown factors (AT-rich site, red square), and four Zelda (Zld, blue triangle) binding sites (Fig. S1). (C) Aligned AT-rich sequences found in the VRE are shown and the consensus sequence is TTYDTTSA. IUPAC nucleic acid codes for Y, D, and S represent C or T, A, T or G, and C or G, respectively. (D) DNA-binding sequences for Cic generated by the bacterial-1-hybrid (B1H) system are graphically represented as sequence logos [@B022]. The WebLogo 3.3 algorithm (<http://weblogo.berkeley.edu/>) was used to build the sequence logo with the position frequency matrix (PFM) of Cic binding sequences (Fig. S3).](BMB-47-518-g0001){#F0001}

Here, we present evidence that a product of the maternal effect gene, *capicua* (*cic*), is involved in Dl-mediated repression in the *zen* VRE. Computational and genetic analyses showed that sequences of the AT-rich sites found in VRE are included in a consensus DNA-binding sequence for Cic, produced by a high-throughput bacterial-one hybrid (B1H) system [@B009], and that *zen* expression was ventrally extended in *cic* mutant embryos. Furthermore, an electrophoretic mobility shift assay (EMSA) showed that recombinant Cic is able to specifically bind the AT-rich sites. These results suggest that cooperative site occupancy by Dl and Cic converts the intrinsic activator Dl into a repressor.

RESULTS
=======

The AT-rich sequences in the zen VRE may be a subset of the Cic DNA binding consensus sequence
----------------------------------------------------------------------------------------------

The approximately 600 bp VRE sequence contains three Dl-binding, four Zelda (Zld)-binding, and five unknown factor-binding sites ([Fig. 1](#F0001){ref-type="fig"}B and S1 in Supplementary Material) [@B007]. The Zld-binding sites are occupied by a zinc-finger maternal transcription activator, Zld, which allows the VRE to mediate ubiquitous expression of *zen* in syncytial blastoderm embryos [@B010]. The unknown factor-binding sites have been called AT-rich sites because those sequences are closely related to each other and contain an AT-rich core with the consensus sequence 5\'-TTYDTTSA-3\' ([Fig. 1](#F0001){ref-type="fig"}C). Previous P-element-mediated transformation and site-directed mutagenesis analyses suggest that three (AT1, AT2 and AT3) of the five AT-rich sites in the VRE are essential for Dl-mediated repression [@B007], [@B008].

To identify any protein factors that bind those AT-rich sites in the *zen* VRE, the library of *Drosophila* transcription factor binding motifs, recently constructed by the bacterial 1-hybrid (B1H) system [@B009], was searched using a position-frequency matrix (PFM) of the AT-rich sites (Fig. S2). The search results revealed that the B1H database contains only one transcription factor binding motif whose consensus sequence, 5\'-YYCATTSA-3\', is highly analogous to that of AT-rich sites ([Fig. 1](#F0001){ref-type="fig"}D, compare with 1C). The DNA motif retrieved from the B1H database is occupied by a high mobility group (HMG)-box transcription factor, Capicua (Cic). The *cic* is a maternal effect gene whose expression pattern is ubiquitous throughout the embryo, at least until the onset of nuclear cleavage cycle 14 [@B011], which is considerably superimposed in space and time with the observed Dl-mediated repression pattern. Thus, it is conceivable that the *cic* protein may be able to bind the AT-rich sites in the VRE.

To test whether the consensus sequence of Cic can functionally represent the AT-rich sequences found in the VRE, we calculated the statistical significance of cluster formation between Dl, Cic, and Zld in a *zen* locus using the ClusterDraw algorithm ([Fig. 2](#F0002){ref-type="fig"}), which is an *r*-scan-based program that has been developed to identify binding motifs and binding clusters of a specified combination of transcription factors [@B012]. When given the PFMs of transcription factors of interest and the maximum cluster size, ClusterDraw calculates cluster significance from the sum of consecutive distances between all binding motif matches present in a cluster and determines the statistical significance of every possible cluster in a given DNA sequence (100 kb maximum). Thus, we hypothesized that if Cic functions by binding the AT-rich sites in the VRE, the PFM of the Cic consensus sequence from the B1H database will form a statistically significant cluster(s) with those of Dl and Zld in the *zen* locus. A ClusterDraw analysis performed with B1H PFMs of Dl, Cic, and Zld (Fig. S3) over a ∼40-kb genomic region encompassing the *zen* locus identifies two clusters, one of which corresponds to the previously identified VRE ([Fig. 2](#F0002){ref-type="fig"}A, dotted box). However, the P-value for the match probability of the cluster that corresponds to the VRE is high but does not seem to be statistically significant because of the low cluster P-value, suggesting that Cic may be dispensed to form clusters with Dl and Zld. This possibility prompted us to test the ability, specifically, of PFMs of Dl and Zld to form clusters in the identical genomic region. ClusterDraw analysis with PFMs of Dl and Zld resulted in comparable match probability values and cluster P-values ([Fig. 2](#F0002){ref-type="fig"}B) to those obtained from the former analysis with PFMs of Dl, Cic, and Zld ([Fig. 2](#F0002){ref-type="fig"}A). These results suggest that the PFM of Cic produced by the B1H system is functionally diverged from that of AT-rich sites at least in computational analyses because of a single nucleotide mismatch between the PFMs of Cic and AT-rich sites. Additional ClusterDraw analyses with PFMs of Dl, AT sites (Fig. S2), and Zld present statistically significant values in both match probability and cluster formation ([Fig. 2](#F0002){ref-type="fig"}C), which is consistent with our previous prediction.

![The ClusterDraw analysis of a ∼40-kb genomic region encompassing a *zen* locus. ClusterDraw analyses with PFMs of Dl, Cic and Zld shows two statistically significant match probability values, the second highest of which corresponds to the VRE (A). A pattern obtained by ClusterDraw analysis with PFMs of Dl and Zld (B) is comparable with that in panel A. The same analysis except with PFMs of Dl, AT sites (Fig. S2), and Zld indicates that the VRE region contains the highest cluster P-value as well as the second highest match probability value, compared with the above two analyses (C). These results suggest that PFM of Cic produced by the B1H system functionally diverged from that of AT-rich sites at least in the computational analyses, presumably because of one nucleotide mismatch between PFMs of Cic and AT-rich sites. The second highest match probability values produced by the ClusterDraw analyses and their corresponding genomic regions containing the VRE are indicated by the dotted box. Gene organization over the analyzed genomic region was depicted in the bottom of panel C. The VRE located between *zen* and *bcd* is represented as a red box. See Supplementary Materials for more details.](BMB-47-518-g0002){#F0002}

Dl fails to repress zen expression in the lateral regions of cic mutant embryos
-------------------------------------------------------------------------------

Although computational analyses imply inability of Cic to form a cluster with Dl, it is apparent that the DNA sequence of each AT-rich site in the VRE has only one mismatch, compared with the B1H consensus sequence of Cic. This fact prompted us to examine if Cic is genetically required for repression activity of the VRE. To this end, the *zen* expression pattern was examined in the context of wild-type and *cic* mutant embryos by whole-mount *in situ* hybridization with digoxigenin (DIG)-labeled RNA probes ([Fig. 3](#F0003){ref-type="fig"}). We found that *cic* mRNA is ubiquitously identified at high levels in early blastoderm embryos ([Fig. 3](#F0003){ref-type="fig"}A), consistent with maternal expression of the gene. At the identical stage, the embryo homozygous for the *cic* mutant allele (*cic^1^* ) shows no detectable *cic* mRNA ([Fig. 3](#F0003){ref-type="fig"}B). *zen* is required for the development of dorsal tissues, including the amnioserosa and the optic lobe [@B013]. During the syncytial blastoderm embryo stage, *zen* transcripts were distributed across approximately 40% of the embryo's circumference ([Fig. 3](#F0003){ref-type="fig"}C). In homozygous *cic^1^* mutant embryos, *zen* expression is de-repressed and, thus, expanded toward lateral and ventral regions of the embryos ([Fig. 3](#F0003){ref-type="fig"}D), which is indistinguishable from that observed in *dl* mutant embryos. These results suggest that *cic* is normally required to repress *zen* expression in the lateral regions of the embryos, thereby restricting *zen* expression to the dorsal ectoderm.

![Dl fails to repress *zen* expression in the lateral regions of *cic* mutant embryos. Whole-mount *in situ* hybridization was performed with wild-type (*yw*) and *cic* mutant embryos (*cic^1^* ). Wild-type (A) and homozygous *cic* mutant (B) embryos were hybridized with an anti-*cic* RNA probe. *cic* transcripts are ubiquitously found at high levels in early blastoderm embryos (A), while embryos homozygous for the *cic* mutant allele show no detectable *cic* mRNA (B). Wild-type (C) and homozygous *cic* mutant (D) embryos were hybridized with an anti-*zen* RNA probe. zen transcripts are dorsally distributed across approximately 40% of the wild-type syncytial blastoderm embryo\'s circumference (C). In homozygous *cic^1^* mutant embryos, *zen* expression is derepressed, thereby expanding expression toward lateral and ventral regions of the embryos (D). These results suggest that *cic* expression is required for the repressive activity of the *zen* VRE.](BMB-47-518-g0003){#F0003}

Cic directly binds AT-rich sites in the zen VRE
-----------------------------------------------

In *Drosophila*, two major Cic isoforms are expressed, Cic-S and Cic-L, which differ in their N-terminal regions. The Cic isoforms share three highly conserved domains, called C1, C2, and a high mobility group (HMG) box (Fig. S4A). The C1 and C2 motifs have been known to be essential for transcriptional repression and MAP kinase recruitment, respectively [@B014]. The HMG box, the third conserved domain, is involved in nuclear localization and DNA binding [@B015]. To determine whether *cic* protein is able to directly bind the AT-rich sites in the *zen* VRE, electrophoretic mobility shift assay (EMSA) was performed with a recombinant Cic HMG-box region fused with glutathione S-transferase (GST) (Fig. S4A). Initially, a fusion protein containing GST and a Cic HMG-box region (amino acids 456-571) was overexpressed in *E. coli* and purified with glutathione-Sepharose resin (Fig. S4B and C). Approximately 40.4 kDa of purified Cic fusion protein was examined to bind a biotin-labeled DNA oligonucleotide containing either AT1, AT2, or AT3 sequences (refer to [Fig. 1](#F0001){ref-type="fig"}B and C) because previous studies showed that the lack of the three AT-rich sites abolished the repression activity of the VRE [@B007]. The Cic HMG box fusion protein formed a DNA-protein complex with each of the three oligonucleotides ([Fig. 4](#F0004){ref-type="fig"}). The intensities of the DNA-protein complexes seem to be proportionally augmented with an increasing amount of Cic fusion protein ([Fig. 4](#F0004){ref-type="fig"}A and B), except AT3 complexes ([Fig. 4](#F0004){ref-type="fig"}C). The addition of unlabeled probes to binding reaction mixtures abolished the formation of DNA-protein complexes ([Fig. 4](#F0004){ref-type="fig"}A-C). These results suggested that the Cic HMG box fusion protein is able to specifically and directly bind the three AT-rich sites found in the VRE.

![Cic directly binds AT-rich sites in the *zen* VRE. Electrophoretic mobility shift assay (EMSA) was employed to test if Cic is able to directly interact with AT-rich sites in the VRE. EMSA was performed with purified GST-Cic fusion protein (Fig. S4) and biotin-labeled DNA fragments containing either AT1 (A), AT2 (B), or AT3 (C) sites (Table S1). Each DNA fragment was incubated with 0.2∼0.4 μg of GST-Cic protein. For competition experiments, 100-fold molar excess of unlabeled probes was added to the binding reactions. Binding affinities of GST-Cic fusion protein to each DNA fragment are compared in a single gel (D). Shifted DNA-protein complexes are indicated by arrowheads.](BMB-47-518-g0004){#F0004}

The amount of DNA-protein complex formed by a small amount of Cic fusion protein (0.2 μg) and the AT3 site is comparable to those of the complexes formed by large amounts of the fusion protein (0.4 μg) and other AT sites. This observation raised the possibility that binding affinity of the AT3 site to the Cic fusion protein is higher than those of the AT1 and AT2 sites. To test this, complex formation of the Cic fusion protein with each of the three AT sites was compared simultaneously ([Fig. 4](#F0004){ref-type="fig"}D). The three AT-rich sites and Cic fusion protein formed three different amounts of DNA-protein complexes. AT3 and AT2 sites made the largest and least amount of DNA-protein complexes, respectively, and the amount of AT1-Cic protein complex was between AT3 and AT2. These results suggest that only a two or three nucleotide difference among the three sites (refer to [Fig. 1](#F0001){ref-type="fig"}C) may produce differential affinities for the Cic HMG box, thereby leading to different cooperative potentials with Dl for repression of the VRE.

DISCUSSION
==========

Although previous studies suggested that, like Dl-mediated activation, Dl-mediated repression also requires synergistic interactions between the Dl and so-called 'corepressor protein(s)' [@B007], the molecular identity of the corepressor protein remains unknown. Here, we present evidence that the Cic is involved in Dl-mediated repression.

Previous efforts to elucidate the corepressor protein that binds the *zen* VRE have identified several candidates. One putative corepressor protein is Dsp1 (Dorsal switch protein 1), which was identified in yeast two-hybrid screening [@B016]. Dsp1 directly binds sites in the VRE and cooperates with Dl or other NFκB subunits to repress transcription in cell culture assays. Dsp1 may be essential for optimal repression activity, but it does not seem to be necessary for VRE activity because minimal VRE sequences lacking DSP1 binding sites are still able to repress *zen* expression in the lateral regions of transgenic embryos [@B017]. A second protein, NTF-1/Elf-1, was shown to bind to the ventral repression elements found in the *zen* and *dpp* promoters. However, it is still unclear whether NTF-1/Elf-1 is genetically required for VRE activity [@B018]. Finally, it was recently reported that Dead ringer (Dri) and Cut (Ct) directly bind an AT2 site of the *zen* VRE [@B019]. However, the VRE can still repress *zen* ventral expression in either *dri* or *ct* mutant embryos, suggesting that they may be not required for Dl-mediated repression in the context of the *zen* VRE. In this work, we showed that the VRE almost completely failed to repress *zen* ventral expression in *cic* mutant embryos and that Cic can directly bind three AT-rich sites in the VRE. These results strongly suggest that Cic is the corepressor that cooperates with Dl to repress *zen* ventral expression.

P-element-mediated germ-line transformation and reporter assays showed that three AT-rich sites, AT1, AT2, and AT3, are necessary and sufficient for repression of the VRE [@B007]. Nucleotide sequence comparison between the three AT sites and Cic consensus sequence using the B1H system indicates that there exists one nucleotide mismatch at the 3rd or 4th nucleotide position, relative to the 5' end of each AT site (the 5' end nucleotide is on the far left in each sequence; [Fig. 1](#F0001){ref-type="fig"}C and D). The 3rd and 4th nucleotides of the B1H consensus sequence of Cic (C and A) are nearly invariant, implying that the sequences of the three AT sites may not be a subset of the Cic consensus sequence. In fact, a ClusterDraw analysis with B1H PFMs of Dl, Cic, and Zld over a 40 kb genomic region encompassing a *zen* locus, failed to produce a statistically significant cluster p-value in the VRE ([Fig. 2](#F0002){ref-type="fig"}A). These results suggest that the binding affinities of the three AT sites to the *cic* proteins may be too low to be functional. Consistent with this, it has recently been proposed that high affinities of transcription factors are directly proportional to their functional relevance [@B020]. How can the paradox be explained that the most critical AT sites for the repression activity of the VRE have low binding affinities to *cic* proteins? The simplest interpretation is that Dl is able to facilitate the binding of Cic to adjacent sites within the VRE, thereby leading to cooperative site occupancy of Dl and Cic. In contrast to the low affinity AT sites, Dl sites present in the VRE have high binding affinities [@B021]. It is conceivable that, when Dl binds the high affinity sites, it directly interacts with Cic, inducing a conformational change in Cic to bind the low affinity AT sites more efficiently. Consistent with this interpretation, the insertion of a 5-bp spacer sequence between the AT2 and the closest Dl binding sites disrupts the repression activity of an otherwise normal VRE [@B008]. It is plausible to assume that the longer spacer sequence interferes with the cooperative interaction between Dl and Cic.

EMSA performed with recombinant Cic showed that the AT2 site has the lowest affinity to Cic ([Fig. 4](#F0004){ref-type="fig"}D). However, previous mutagenesis analyses suggested that the AT2 site is particularly critical for VRE function, while AT1 and AT3 sites may be dispensable [@B008]. If the interpretation described above is accurate, the fact that the low-affinity AT2 site is the most critical for repression could be explained by the cooperative site occupancy of Dl and Cic. An observation that the distance between the AT2 site and the nearby Dl site is shorter than distances between other AT sites and their linked Dl sites [@B007] strongly highlights the view that cooperative interaction between Dl and Cic can assist Cic to bind the lowest affinity AT2 site more efficiently.

MATERIALS AND METHODS
=====================

Detailed information is described in online Supplementary Material.
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